For investigating the chemical behavior of uranium-contaminated soil solidified by microwave sintering, the product consistency test method was adopted. The effective factors such as soil species, soil composition, temperature, pH values and their coupling effects have been researched. The maximum leaching rate of uranium was below 1.7 × 10 −8 g m −2 day −1 and the cumulative fraction of leached uranium was below 0.0165 after 42 days. The acidic or alkaline leachate and higher temperature would enhance the uranium's leaching rate, and it was found that the chemical stability of solidified soil is related to the molar ratio of Al 2 O 3 /SiO 2 .
Introduction
The safe and effective disposal of radioactive waste have become a focus issue in the social life with the rapid development of nuclear industry [1] . Uranium plays a vital role in the whole nuclear industry system [2] , and the development of the nuclear industry is based on uranium mining. In recent decades, the uranium mining has remained vast uranium tailings which contained appreciable amounts of uranium, other radionuclides and heavy metals. It is estimated that billions of tons of uranium tailings are need to be properly disposed [3] . There are some soils contaminated with radionuclides (mostly uranium) around the uranium tailings ponds so that massive information about the toxic of radionuclides on organisms has been reported [4] [5] [6] . Therefore, uranium mill tailings are potential contamination sources in surrounding, which cannot be neglected [7] . Usually, phytoremediation is considered to be the best way to treat uranium-contaminated soil in tailings pond. However, phytoremediation costs a long time, and uranium will have a lasting impact on the surrounding environment during that time [8] [9] [10] . It is a key part of environmental protection to properly dispose the local soil contaminated with high radioactive concentration in uranium tailing ponds.
The treatment of radioactive wastes aims to convert the waste into forms that exhibits excellent physical and chemical stability for handling, transporting and disposing [11] . Solidifying is considered to be one of the most effective ways to treat radioactive wastes [12] . Up to now, the relatively mature processes of solidifying include the cement solidification, the glass one, the ceramic one, the asphalt one and the synrock one. Due to the component of soil's similarity to that of glass, and the vitrification is regarded as the best solution for immobilizing radionuclides as a durable material [13] . Moreover, the radionuclides-contaminated soil can be vitrified directly without the introduction of new material. In our previous work [14] [15] [16] , the simulated radionuclides-contaminated soil solidification has been successfully prepared by a rapid microwave sintering for 30 min. The curing mechanism has been studied and the feasibility of the method has been proved.
However, it is much concerned that long-lived radioactive elements incorporated in glasses for the disposal of highly active nuclear waste which might eventually return to the environment [17] . The safety and stability of the solidification are key indexes of environmental impact assessment, including physical, chemical, thermal and irradiation stabilities. These parameters are influenced by temperature, humidity, water, pH value, pressure, radiation and soil composition. Irradiation stability is a key factor for materials in radiation environment. i.e., dense He atoms via (n, α) reaction can migrate and accumulate to form bubbles, which can lead to swelling, hardening, brittlement of materials [18, 19] . Using finite element model can predict the change of mechanical properties after irradiation [20, 21] . In addition, three main kinetic regimes have been identified, which depend on the glass composition and many other environment factors [22] . Through a large number of experiments [23] [24] [25] [26] , the results show that the reactions between waste glass and water include: (1) ion exchange between ionic species in water (particularly H + ) and ionic components in the glass (primarily alkali);
(2) hydrolysis of network forming species (e.g., silica, boron and alumina tetrahedra); and (3) dissolution of hydrolyzed species into solution [22] . In general, the main way of radionuclides migration in underground medium is the transport by groundwater [27] . What's more, acid-base properties (pH) mainly affect the hydrolysis of solidified nuclides and the temperature affects the hydrolysis rate. Therefore, chemical durability (leaching resistance) is known to be the most important factor in the assessment of waste forms, which can be examined by leaching test [28] . Moreover, there are some studies show that the change of glass component content will have an impact on its structure and properties. Cheng et al. [29] investigated the effect of B 2 O 3 /Al 2 O 3 ratio on glass structure and crystallization of the B 2 O 3 -Al 2 O 3 -SiO 2 glass system which indicates that the component ratio may have an impact on the safety and stability of immobilization potentially.
In view of the above-mentioned perspective, the present work has selected four kinds of soils as experimental subjects. Based on the successful preparation of solidified soil, the chemical stability of solidified soil has been studied. It mainly covers the coupling effects on soil type, temperature, pH value and component radio through 42 days' leaching experiment.
Materials and methods

Matrix materials
Four representative soils (saline-alkali soil, purple soil, red soil, yellow soil) were selected as research objects according to soil classification. The original soil samples were subjected to be in heat preservation for 6 h at 600 °C to remove moisture, organic impurities and volatile components, and then soils were refined through 200 mesh screens by grinding in agate mortar. The composition of the pretreated soils measured by X-ray fluorsecence analysis (XRF, PANalytical B.V. Axios) were listed in Table 1 . And the phase of pretreated soils measured by XRD (X-ray diffraction, X'Per PRO, Netherlands). The soil contaminated with 1 wt% of uranium was prepared by 0.0497 g of uranyl nitrate (UO 2 (NO 3 ) 2 ·6H 2 O, AR grade) and 2.9503 g of soil. Then the prepared sample was put into microwave muffle furnace, heated to the set temperature (1400 °C) at a power of 1.4 kw, held for 30 min and the whole process can be done within 100 min. Finally, the solidification of uranium contaminated soil was obtained via natural cooling. On the basis that the soil contaminated with 1 wt% uranium has been successfully solidified; the chemical stability of the solidified soil was evaluated in this work.
Chemical stability test
Excellent capacity of retaining radionuclides is very important for the solidified waste forms as being to keep a longterm storage in the disposal sites [30] . In this work, the chemical durability of the sintered uranium-contaminated soil solidification was assessed by static leaching test via Product Consistency Test (PCT) method. After refining the sintered uranium-contaminated soil bulk, the specific surface area of the obtained powders (75-150 μm) were measured with N 2 adsorption method by a specific surface area tester (Gold APP Co. F-Sorb X400 China). Before leaching, leachant of pH value equal 4.0 (CH 3 COOH (8.287 × 10 −3 mol L −1 )/ CH 3 COONa (1.8 × 10 −3 mol L −1 ) system), 6.7 (deionized water), 10.0 (NaHCO 3 (3.976 × 10 −2 mol L −1 )/Na 2 CO 3 (9.434 × 10 −3 mol L −1 ) system) were prepared according to the literature reports and relevant standards [31] [32] [33] [34] . The leaching experiment was conducted in a Teflon container (as shown in Fig. 1 ) which containing suspension (10 mL) of each sample (100 mg) with 75-150 μm in size at different pH (4.0, 6.7 and 10.0) and temperature (40 and 90 °C). The leachate in the Teflon container was taken out regularly (3, 7, 14, 21, 28, 35, 42 days) by disposable syringe, loaded into a centrifugal tube with a volume of 10 mL, centrifuged for 15 min at a speed of 3000 rpm/min. Then the liquid supernatant was removed for uranium concentration test, the rest leachate was centrifuged again and the solidified sample was recycled. Add new leachant (1 mL or 2 mL) and wash the centrifuge tube and the syringe, then recover all the samples into the Teflon container and finally add the leachant to 10 mL. The concentration of uranium in leachate (5 mL) was analyzed by micro-uranium analyzer (WGJ-III. Daji Electric Instrument Co. Ltd. Hangzhou, China) with test range is of 0 ~ 20 μg/L and the error of ~ 0.05 μg/L [35] .
The leaching rates were calculated by using following formula (1): where NL U is the leaching rate of uranium (g m −2 day −1 ), C U is the concentration of uranium in the leachate, V is the volume of the leachate (m 3 ), SA is the surface area of the sample powders (m 2 ), and f U is the mass fraction of element in the solidified soil (wt%). The SA/V ratio is about 2000 m −1 .
Results and discussion
Phase analysis by XRD Figure 2 shows the phase of pretreated soils measured by XRD. It can be seen that the strongest peaks (2θ = 26.6°) are of quartz in all the patterns, and the number of peaks related to quartz is the largest. The four soils have similar mineral components, such as: anorthite, mordenite. However, the component of diverse soils is different. The grossite and fayalite exist in saline-alkali soil, purple soil and yellow soil. The boggsite and bementite exist in saline-alkali soil and purple soil. The calcium mica and almandine only exist in purple soil, while TiO 2 only exists in yellow soil. Figure 3 shows the XRD patterns of sintered soils doped with 1 wt% of uranium. It can be seen that except for the presence of (1) 
Chemical stability measurement by leaching test
Chemical stability of different soils
The leaching rates (NL U ) and the cumulative fraction of leached U (CFL U ) in different soils are illustrated in Fig. 4 . It can be seen that the NL U decreased in extended leaching time. It can be seen from Fig. 4 (a1) that the NL U of salinealkali soil were 89.3 × 10 −8 g m −2 day −1 (90 °C, pH = 4.0), 106.8 × 10 −8 g m −2 day −1 (90 °C, pH = 10.0) after 3 days.
The NL U at the two conditions are much higher than that at other conditions. As can be seen from Fig. 4a1 and b1 , the NL U decreased and the CFL U increased rapidly with time during the first 21 days. The highest NL U was below 1.7 × 10 −8 g m −2 day −1 and the highest CFL U was about 0.0165 (90 °C, pH = 10.0) on 42 days. Similar regularity was also found in other soils. The NL U of purple soil was 79.5 × 10 −8 g m −2 day −1 (90 °C, pH = 4.0), 70.3 × 10 −8 g m −2 day −1 (90 °C, pH = 10.0) at 3 days. After 42 days, the highest NL U was below 1.35 × 10 −8 g m −2 day −1 and the highest CFL U was about 0.0112 (90 °C, pH = 4.0). The NL U of red soil was 78.7 × 10 −8 g m −2 day −1 (90 °C, pH = 4.0), 51.2 × 10 −8 g m −2 day −1 (90 °C, pH = 10.0) after 3 days. The highest NL U was below 1.3 × 10 −8 g m −2 day −1 and the highest CFL U was about 0.0109 (90 °C, pH = 4.0) after 42 days. The NL U of yellow soil was 50.3 × 10 −8 g m −2 day −1 (90 °C, pH = 4.0), 57.7 × 10 −8 g m −2 day −1 (90 °C, pH = 10.0) after 3 days. After 42 days, the highest NL U was below 1.4 × 10 −8 g m −2 day −1 and the highest CFL U was about 0.0080 (90 °C, pH = 10.0). It was easy to see that the NL U and CFL U of solidified yellow soil was both the lowest of the four soils, which indicated that the solidified yellow soil kept the best chemical stability. Figure 5 shows the impact of temperature on CFL U of different soils in leachant with varied pH values for 42 days. It can be seen as the pH value of the leachant were consistent, the CFL U increased with the increase of temperature. The CFL U at 90 °C was several times higher than that at 40 °C. Among the three leachants, the CFL U of vitrified salinealkali sol was the highest, and the effect of temperature on vitrified saline-alkali sol was larger than that on the other three soils. In the leachant with pH value of 4.0, the effect of temperature on solidified soil was: saline-alkali soil > purple soil > red soil > yellow soil. However, the effect of temperature on yellow soil was higher than that on red soil when the pH values of leachant were 6.7 and 10.0. Figure 6 shows the variation about leaching of uranium with the temperature. Figure 7a shows the cumulative fraction of leached U at 40 °C for 42 days. It can be seen that the CFL U of all soils were the lowest in neutral (pH = 6.7) leachate as the temperature was 40 °C. Through comparison, it was found out that the CFL U order of solidified soil was: saline-alkali soil > purple soil > red soil > yellow soil in the leachate with pH value of 4.0. However, as the pH value of leachate was 10.0, the CFL U of solidified soil were: purple soil > salinealkali soil > red soil > yellow soil. By comparing the CFL U of solidified soil in leachants with different pH values, it was found out that the CFL U of saline-alkali soil, red soil, yellow soil in acid leachant was higher than that in alkaline Figure 7b shows the cumulative fraction of leached U at 90 °C for 42 days. It also can be observed that the CFL U were the lowest in neutral (pH = 6.7) leachate for all soils. Similarly, in the leachate with pH value of 4.0, saline-alkali soil had the highest CFL U , yellow soil had the lowest CFL U through comparison. The CFL U of purple soil was slightly higher than that of red soil. However, the CFL U for 42 days at 90 °C was significantly different from that at 40 °C when the pH of leachate was 10.0. The CFL U in saline-alkali soil was much higher than that in other soils (beyond 0.016, over 6 times than that in saline-alkali soil at 40 °C) and the CFL U order of soil solidified soil was: saline-alkali soil > purple soil > yellow soil > red soil. Through comparing the CFL U of solidified soil in leachants with different pH values, it was found out that the CFL U of saline-alkali soil and yellow soil in acid leachant was lower than that in alkaline leachant. But the CFL U of purple soil and red soil in acid leachant was higher than that in alkaline leachant.
Effect of temperature on chemical stability
Effect of pH on chemical stability
In this work, the influence mechanism of pH value on the uranium leaching rate has been studied. Results show that the hydrolyzed H + and OH − in the solution would exchange with ions in the sintered soil sample, which leads to the rise of uranium leaching rate [22, 36, 37] . At pH 4.0, the abundance of hydrogen ions promotes the exchange of hydrogen ions with cation in the sintered soil sample [36, 37] , which further corrodes the sintered soil sample. The ion exchange reaction is shown in formula (2) and (3). Eventually, more uranium is released from the sintered soil sample, which results in the increase of uranium leaching rate. At pH 10.0, because of the abundance of hydroxyl ions, the tetrahedral SiO 4 site of sintered soil sample convert into a reactive five-coordinated intermediate. Meanwhile the Si-O-Si bond is ruptured and the network structure of the solidified soil is destroyed, which also results in the increase of uranium leaching rate. The related reaction is shown in formula (4). However, in deionized water with a pH of 6.7, because of the low concentration of both hydrogen ions and hydroxyl ion, the sintered soil sample is the least affected by corrosion, and the uranium leaching rate is the lowest.
For further investigating the existence of uranium in leachant, the simulated species distribution has been carried [35, 38, 39] . Figure 8 shows the distribution of U(VI) species in different leachant at different pH values calculated by Visual MINEQL 3.0 based on Nuclear Energy Agency (NEA) database. In CH 3 COOH/ CH 3 COONa system of pH 4 (Fig. 8a) , because of the abundance of hydrogen ions, the uranium mainly exists in the form of UO 2 2+ and a small amount of UO 2 OH + at pH 4.0. In deionized water system of pH 6.7 (Fig. 8b) , because the amount of hydroxyl increased rapidly, the uranium mainly exists in the form of UO 2 OH + , UO 2 (OH) 2 and a small amount of UO 2 2+ at pH 6.7. In NaCO 3 /NaHCO 3 system of pH 10.0 (Fig. 8c) , due to the abundance of carbonate ion, the uranyl ions reacted with carbonate ion to form the anionic carbonate complexes of uranyl ions, such as UO 2 (CO 3 ) 2 2− , UO 2 (CO 3 ) 3 4− , and the uranium mainly exists in the form of UO 2 (CO 3 ) 3 4− at pH 10.0.
Effect of alumina-silica ratio on chemical stability
The alumina-silica ratio usually has an important effect on the properties of alumina silicate glass [29, [40] [41] [42] 
Conclusion
In this study, four kinds of uranium contaminated soils have been successfully solidified by microwave sintering for 30 min. A simple phase characterization of the sintered samples showed that the uranium had been completely cured into solidified soil. The chemical stability of the sintered soil samples was investigated by leaching test of PCT method, considering the factors of leaching time, leaching temperature, pH value of leachant, soil species and their molar ratio of Al 2 O 3 /SiO 2 . The conditions of acidic, alkaline or high temperature will promote the release of uranium from solidified soil, resulting in the increase of NL U . The results show that the NL U decreased within extended leaching period and kept a low value after 42 days. The highest NL U was below 1.7 × 10 −8 g m −2 day −1 and the highest CFL U was 0.0165 (90 °C, pH = 10.0) after 42 days in saline-alkali soil. Finally, through comprehensive comparison, it was found out that the chemical stability of solidified soil increased with the increase of the molar ratio of Al 2 O 3 /SiO 2 . The "glass-ceramic phase" solidified yellow soil with higher aluminum content had the best chemical stability.
In conclusion, the uranium contaminated soil can be solidified by microwave sintering without any auxiliary materials. It's a simple and time-saving procedure, and reliable chemical stability of solidification is beneficial to deal with the real situation of uranium contaminated soil. However, there is still work need to be done in the future, such as the verification of enlarged dealing scale for contaminated soil and the evaluation of irradiation effect on the solidified soil bulks.
